Tissue homeostasis and regeneration are regulated by an intricate balance of seemingly competing processes-proliferation versus differentiation, and cell death versus survival 1 . Here we demonstrate that the loss of epidermal caspase 8, an important mediator of apoptosis 2 , recapitulates several phases of a wound healing response in the mouse. The epidermal hyperplasia in the caspase 8 null skin is the culmination of signals exchanged between epidermal keratinocytes, dermal fibroblasts and leukocytic cells. This reciprocal interaction is initiated by the paracrine signalling of interleukin 1a (IL1a), which activates both skin stem cell proliferation and cutaneous inflammation. The non-canonical secretion of IL1a is induced by a p38-MAPK-mediated upregulation of NALP3 (also known as NLRP3), leading to inflammasome assembly and caspase 1 activation. Notably, the increased proliferation of basal keratinocytes is counterbalanced by the growth arrest of suprabasal keratinocytes in the stratified epidermis by IL1a-dependent NFkB signalling. Altogether, our findings illustrate how the loss of caspase 8 can affect more than programmed cell death to alter the local microenvironment and elicit processes common to wound repair and many neoplastic skin disorders.
The structure and function of the epidermis is maintained by an equilibrium between proliferating keratinocytes in the basal layer and differentiation of cells into the suprabasal layers that seal the body from the environment ( Supplementary Fig. 1a ). A further regulatory balance occurs at the epidermal surface between keratinocyte survival and death, which requires the continual regeneration of this tissue. During wound healing these respective equilibria shift towards keratinocyte proliferation and cell survival to stimulate repair of the damaged tissue. Despite their importance, the mechanisms governing these regulatory nodes of tissue homeostasis remain largely undefined.
In the course of characterizing proteins that potentially affect epidermal homeostasis, we observed that epidermal caspase 8 normally fluctuates during the course of a wound healing response (Fig. 1a ).
In situ hybridization revealed that sites proximal (,1 mm) to an excisional wound showed a thickened epidermis coincident with a downregulation of caspase 8 RNA. However at sites distal (,5 mm) to the wound, in which epidermal thickness appeared normal, caspase 8 RNA was unchanged. After wound closure (day 14) epidermal hyperplasia subsides and caspase 8 RNA expression was restored. The development of all epidermal layers before the onset of caspase 8 expression supports the notion that this protein is not involved in epidermal morphogenesis but instead monitors epidermal integrity amidst assaults from the external environment ( Supplementary Fig. 1b ).
To define the contribution of reduced caspase 8 to a wound healing response, we generated an epidermal knockout of caspase 8 (refs 3, 4) . By postnatal day 10 (P10) the conditional knockout mouse has flaky skin throughout its body, is slightly runted and its epidermis is dramatically thickened ( Supplementary Fig. 2a, b ). We unexpectedly found that even though caspase 8 is expressed in the granular layer ( Supplementary Fig.  1c ), it is the basal and spinous layers that are markedly expanded in the knockout epidermis ( Fig. 1b ). Keratinocyte proliferation contributes to this phenotype as Ki67 ( Fig. 1c ) and cyclin D ( Supplementary Fig. 3a ) are increased along the basement membrane in the knockout skin. This observation is compatible with data showing that both epidermal and hair follicle stem cells are mobilized to help reseal a wounded epidermis [5] [6] [7] .
Other markers of epidermal hyperproliferation that occur during wound healing are upregulated in the caspase 8 knockout skin including keratin 6 (K6, also known as KRT6) and suprabasal expression of b4 integrin ( Supplementary Fig. 3b , c). Despite this shift in balance from differentiation to proliferation, the terminal differentiation program nevertheless progressed to completion ( Supplementary Fig. 3d ). Together these observations suggest that the loss of caspase 8 near the epidermal surface elicits a paracrine signal(s) to stimulate local stem cell pools to proliferate and fuel wound closure.
Among the early phases of a wound healing response is the infiltration of immune cells at the wound site 8 . The increased dermal cellularity in the knockout skin ( Supplementary Fig. 2b ) suggests that this is also occurring in response to the loss of caspase 8. Analysis with different leukocyte markers demonstrates that the caspase 8 knockout skin contains a marked increase in the population of granulocytes and macrophages ( Fig. 2a ). Probing with the pan T-cell marker CD3 (also known as CD3E) revealed increased levels of T cells in both the epidermis and dermis ( Fig. 2b ). Both CD4 helper T cells and CD8 cytotoxic T cells were increased in the epidermal and dermal compartments ( Fig. 2b ). Owing to the pivotal part they play in wound healing, we investigated the status of cd T cells 9 . In wild-type skin, these cells are restricted to the basal layer and hair follicle and have a dendritic morphology ( Fig. 2b ). In the caspase 8 knockout skin, the number of cd T-cells is increased in the suprabasal layers and dermis, with a spherical morphology indicative of their activation. The cd T cells in the dermis stain positive for Vc3 ( Fig. 2b) , suggesting that they originated from cells that proliferated and migrated from the epidermis 9 . These immune cells were mediating an inflammatory reaction similar to a wound healing response as evidenced by the induction of NFkB-stimulated inflammatory genes ( Fig. 2c ). Unlike other mutant mice with hyperplasia and inflammation phenotypes 10, 11 , suppression of the immune cell infiltration did not completely abrogate cell proliferation ( Supplementary Fig. 4a-d ). The diminished hyperplasia in the presence of immunosuppressants suggests that epidermal and immune cell signalling work together to maximally stimulate keratinocyte proliferation.
From these observations, the question arises as to how the loss of caspase 8 near the epidermal surface only stimulates proliferation in the cells contiguous with the basal layer. A clue was provided by the observation that phosphorylated ERK (p-ERK; Fig. 3a and Supplementary Fig. 5a ) and b4 integrin ( Supplementary Fig. 3c ) were increased in the knockout tissue and expressed in the suprabasal layers. This is noteworthy because transgenic mice designed to suprabasally express active b4 integrin or MEK1 (also known as MAP2K1; the upstream activator of ERK) phenocopy the caspase 8 knockout mouse 12, 13 . Both mouse models have an increased level of active IL1 which has an established role in regulating keratinocyte proliferation and triggering cutaneous inflammation 14, 15 . Because IL1b is primarily secreted from leukocytes, we focused our investigation on the activity of IL1a which is highly expressed in keratinocytes 16 and is secreted from the knockout epidermis ( Fig. 3b ). It has been proposed that epidermally derived IL1a mediates keratinocyte proliferation by initially stimulating fibroblasts of the underlying dermis to secrete cytokines that subsequently incite keratinocyte division 15 . Consistent with this hypothesis, using normal serum levels we found that conditioned media from the dermis of knockout animals stimulated keratinocytes to proliferate at a faster rate than those exposed to wild-type conditioned or normal culture media ( Fig. 3c ). Because the dermal explants are a heterogeneous population of cells, we investigated whether dermal fibroblasts are singularly competent to stimulate keratinocyte proliferation. Given our hypothesis that IL1a is provided by the epidermis, we first primed the dermal fibroblasts with media exposed to epidermal sheets and then treated keratinocytes with this conditioned media. Priming the dermal fibroblasts with knockout epidermal media caused a 40% increase in keratinocyte growth compared to the effects of either wild-type epidermal-primed dermal fibroblast media or regular keratinocyte culture media (Fig. 3d ). Adding recombinant human IL1a (rhIL1a) directly to the dermal fibroblast was sufficient to induce them to secrete proliferation-stimulating cytokines, whereas an IL1a-neutralizing antibody abolished the ability of the knockout epidermis to prime the dermal fibroblasts ( Fig. 3d, e ). These data suggest that IL1a is a required component secreted by the epidermal sheet to render the dermal fibroblast capable of stimulating keratinocyte proliferation.
Notably, we found that either epidermal conditioned media alone or rhIL1a can stunt keratinocyte growth (Fig. 3f ). We therefore investigated the possibility that IL1a may induce NFkB signalling, which is known to promote growth inhibition and cell survival in keratinocytes 17, 18 and found increased nuclear phosphorylated-NFkB (p-NFkB) in the knockout and wounded epidermis (Fig. 3g ). Bcl-XL (also known as BCL2L1; Fig. 3g ) as well as other NFkB transcriptional target genes ( Supplementary Fig. 6 ) were similarly increased. To determine whether cell growth inhibition was due to IL1a signalling, we stained for nuclear translocation of NFkB in response to cells treated with conditioned media from wild-type and knockout epidermal sheets (Fig. 3h ). Keratinocytes treated with wild-type conditioned media had NFkB predominantly localized in the cytoplasm, whereas cells treated with knockout media showed nuclear localization. The nuclear translocation could be inhibited when knockout conditioned media was added together with an IL1a-neutralizing antibody and rescued with rhIL1a (which is not recognized by the inhibitory antibody; Fig. 3h ). Moreover, the addition of knockout dermis conditioned media can overcome the growth inhibitory effects of the knockout epidermal conditioned media and block the nuclear translocation of NFkB, which is consistent with the former's ability to stimulate keratinocyte proliferation. Thus the induction of NFkB in the suprabasal layers is a contributing factor towards limiting proliferation to cells along the basement membrane in the knockout epidermis.
Given the complex effects of IL1a signalling in the mutant mouse, it became imperative to determine how the loss of caspase 8 regulates the secretion (and therefore the activity) of this cytokine. Two proteases have been implicated in the conversion of the interleukin 1 precursor into its active form: caspase 1 and calpain 18 . In both the caspase 8 null epidermis and wounded skin there is an upregulation of caspase 1 RNA and suprabasal localization of the protein (Fig. 4a,  b) . Furthermore, the amount of IL1a secreted from epidermal sheets is 2.5-fold higher in the knockout mouse than its wild-type littermate and this increase is lost when treated with a caspase 1 (but not the calpain) inhibitor (Fig. 4c) . These results are supported by reports that the overexpression of caspase 1 (ref. 19) or IL1a (ref. 20) in the epidermis phenocopies the caspase 8 conditional knockout.
Caspase 1 is also synthesized as a zymogen and must be processed into its active form. We found that phosphorylated p38 MAPK is upregulated in both the caspase 8 knockout and wounded skin ( Fig. 4d and Supplementary Fig. 5b ) and inhibition of its activity abolishes the secretion of IL1a from the knockout epidermis (Fig. 4c) . The p38 MAPK inhibitor did not abrogate the increase in caspase 1 protein expression in the knockout epidermis, but did efficiently restrain caspase 1 processing into its active form and thus its catalytic activity ( Fig. 4e and Supplementary Fig. 8a) . A consequence of blocking p38-MAPK-mediated activation of caspase 1 and total (perm, permeabilized) expression levels of IL1a. c, Keratinocyte growth after incubation in conditioned media from wild-type dermal (WT der CM; blue), caspase 8 knockout dermal (KO der CM; red) or normal growth media (green). d, Keratinocyte growth after incubation in normal media (green), conditioned media from dermal fibroblasts primed with wild-type epidermis-exposed media (WT epi 1 df CM; light blue) or primed with caspase 8 null epidermal media (KO epi 1 df CM; red), dermal fibroblast plus rhIL1a (rhIL1a 1 df CM; orange), and conditioned media from dermal fibroblasts primed with wild-type epidermal-media containing rhIL1a (WT epi 1 rhIL1a 1 df CM; dark blue). *P , 0.05 and ***P , 0.001 compared to normal media. e, Keratinocyte growth after incubation in normal media (green), dermal fibroblast media primed with knockout epidermal media and control antibody (KO epi 1 df 1 con Ab; red), IL1a inhibitory antibody (KO epi 1 df 1 inh Ab; purple), or rhIL1a (KO epi 1 df 1 inh Ab 1 rhIL1a; pink). f, Wild-type epidermal-conditioned media (light blue), knockout epidermal conditioned media (dark blue) or normal media (green) was added to primary keratinocytes and growth rate was measured. Addition of rhIL1a to normal media (red) is sufficient to inhibit growth. g, Skin sections from P10 caspase 8 (C8) wild-type and knockout mice and adult mouse skin 3 days (D3) after excisional wounding were stained for p-NFkB, its target gene Bcl-XL (green) and K5 (red). Arrowhead marks wound site. h, Wild-type and knockout epidermal conditioned media were added to primary keratinocytes and stained for NFkB nuclear translocation. Inhibitory IL1a antibody, which specifically neutralizes the mouse cytokine, and/or recombinant human IL1a (rhIL1a) was added to the knockout media. Keratinocytes were also treated with knockout epidermal media, wild-type dermal media, knockout dermal media or a neutralizing antibody specific for mouse IL1b. Results are representative of three independent experiments. The original magnification used for all images was 340. All error bars are s.d.
is the reduction in epidermally derived IL1a signalling as measured by nuclear translocation of NFkB ( Supplementary Fig. 8b) .
To probe the mechanistic link between p38 MAPK and caspase 1, we analysed the status of the NALP3 inflammasome, a multiprotein complex which is required for activation of inflammatory caspases such as caspase 1 (ref. 21 ). This complex is composed of the adaptor protein ASC (also known as PYCARD) and pro-caspase 1-both of which have a basal expression level in keratinocytes-and NALP3, the wild-type (WT), knockout (KO) and wounded skin 3 days after excision. b, Immunofluorescence expression of caspase 1 in P10 wild type, knockout and wounded skin. c, IL1a ELISA from media conditioned by wild type (orange) or knockout (blue) epidermal sheets treated with either dimethylsulphoxide (DMSO), or inhibitors (inh) for caspase 1 (casp1) , p38 MAPK or calpain. The calpain inhibitor efficacy was verified by its ability to inhibit processing of filaggrin in differentiating keratinocytes ( Supplementary  Fig. 7) . d, Expression of phosphorylated p38 MAPK ((P)-p38) in P10 wildtype and knockout skin and 3 days after wounding. e, Western blot of caspase 1 and b-actin from cell lysates generated from the epidermal sheets in c. f, In expression of which must be induced 21 . We found that NALP3 RNA is markedly upregulated in the suprabasal layers of both the knockout and wounded epidermis (Fig. 4f ). This expression pattern coincides with active p38 MAPK expression in the knockout epidermis and we found that NALP3 induction is dependent on the activity of this kinase (Fig. 4g ). Furthermore, treatment of epidermal sheets with the p38 MAPK chemical activator anisomycin is sufficient to induce NALP3 expression in wild-type epidermal sheets (Fig. 4h ). The human NLRP1 (previously known as NALP1) protein can also form an inflammasome complex with caspase 1 to mediate its proteolytic activation, but its closest murine relative, NALP1b (NLRP1B), is unaffected in the caspase 8 knockout epidermis and is unaltered in response to modulating p38 MAPK activity (Fig. 4g, h) . Consistent with its role in stimulating inflammasome-dependent activation of caspase 1, anisomycin can increase the amount of IL1a secreted from epidermal sheets (Fig. 4i ). The ability of both ultraviolet-irradiated 22 and anisomycintreated 23 keratinocytes to expel their inflammasome components prompted us to determine whether p38 MAPK can also affect the secretion of caspase 1. Conditioned media from caspase 8 null epidermal sheets contained increased levels of released procaspase 1, which was reduced to wild-type levels when p38 MAPK activity was compromised ( Supplementary Fig. 8c ). The p20 activated fragment of caspase 1 was also higher in the extracellular media from the knockout epidermis, and both p38 MAPK and caspase 1 inhibition abolished the release of this protein from the cell. A model summarizing how a wound-induced downregulation of epidermal caspase 8 is translated into epithelial-mesenchymalleukocyte interactions is shown in Supplementary Fig. 9 . Consistent with this proposed role, caspase 8 is increased in diabetic mice with impaired wound healing 24 and humans deficient in caspase 8 have clinical symptoms such as eczema, which has features of a chronic wound response 25 . In addition to its effect on wound healing, the intercellular communication stimulated by the loss of epidermal caspase 8 and the activation of the inflammatory apparatus may be a mechanism for tumour-stroma interactions and other hyperplastic skin diseases.
METHODS SUMMARY
Generation of caspase 8 conditional knockout mice. Epidermal-specific knockouts were obtained by crossing mice carrying the floxed caspase 8 allele (Casp8 fl/fl ) 4 to K14-Cre mice 3 . Histology, in situ hybridization and immunohistochemistry. Please refer to the Methods.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
